Abstract-Sediment microbial fuel cells (SMFCs) are considered a promising renewable power source for remote monitoring applications. However, existing SMFCs can only produce several milliwatts of power, and the output power is not scaled linearly with the size of SMFCs. An effective alternative method to increase the output power is to independently operate multiple SMFCs, each of which has an optimal size for maximum power density. Independently operated SMFCs have electrically isolated electrodes (anodes/cathodes), which complicates the design of a suitable power management system (PMS). This paper describes the challenges in designing a PMS that can harvest energy from multiple independently operated (mio) SMFCs and accordingly proposes a design solution. From experimental results, the proposed PMS demonstrates reliable output power scaling up of mio-SMFC. The proposed PMS is self-sustainable because it is powered entirely from harvested energy without requiring additional external power sources.
I. INTRODUCTION

S
EDIMENT microbial fuel cells (SMFCs) are considered an attractive renewable power source for remote monitoring applications. For example, SMFCs can be deployed in lakes, rivers, and oceans to power remote sensors [1] - [4] . An SMFC consists of two electrodes: anode and cathode, which are made of inert conductive materials such as graphite. The anode is buried in the sediment, and the cathode is placed in the water. Microbial activity in the sediment creates a potential difference (voltage) between the sediment and the water [5] . This voltage is about 0.7-0.8 V when an SMFC is unloaded. For maximum power transfer, an SMFC is operated at about 0.3-0.5 V, and it typically produces several milliwatts of power [1] - [3] . This level of voltage and power is insufficient to run an electrical load. For example, a typical wireless sensor requires a supply voltage above 1 V and consumes hundreds of milliwatts to transmit data over long distance in remote monitoring applications. Multiple SMFCs cannot be connected in series to increase the voltage if they are deployed in an open water body such as in the sea [2] - [4] . Therefore, many power management systems (PMSs) have been designed to boost the voltage by employing different types of step-up voltage converters [1] - [4] , [6] - [17] . To increase the output power, it is not effective to build a larger SMFC because the power density decreases when the surface areas of the electrodes increase [18] . A better option is to independently operate multiple SMFCs, each of which has an optimal size for maximum power density. Independent operation means that there are no low-resistance paths for charge sharing between the electrodes of multiple SMFCs. If the electrodes are electrically connected together, they essentially operate as one electrode with larger surface area and suffer from degraded power density [19] . Independently operated SMFCs can also improve the system robustness against failure of individual SMFCs. For example, when the anode of an SMFC is not completely covered by the sediment, it is exposed to oxygen in the water and becomes a cathode due to the higher rate of oxygen reduction [5] . If the anodes are electrically connected together, all SMFCs will stop generating voltage and power when one of the anodes becomes a cathode. Several PMSs have been reported to operate with multiple SMFCs, but their SMFCs are not operated independently. In [6] and [7] , the SMFCs are connected in parallel, i.e., shorted anode-to-anode and shorted cathode-to-cathode. In [8] , the anodes of multiple SMFCs are electrically connected to serve as a ground reference for the PMS. It is worth noting that these PMSs are not self-sustainable because they require additional external power sources to start up and/or operate, which makes them unattractive for remote monitoring applications.
This paper presents a PMS that can harvest energy from multiple independently operated SMFCs (mio-SMFC) to reliably increase the output power. The PMS is self-sustainable because it is run entirely from harvested energy without requiring additional external power sources. The PMS has been employed in [19] to study the effect of isolated electrodes on the performance of SMFCs, and experimental results have demonstrated improved power generation. Ewing et al. [19] mainly discuss the bioelectrochemical aspects of SMFCs 0885-8993 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. without much description of the PMS. Thus, this paper is written to explain the PMS in detail. Section II describes the implementation and operation of the PMS. Section III discusses the experimental results, and Section IV provides conclusions.
II. MIO-SMFC POWER MANAGEMENT SYSTEM
A. Design Challenges of the mio-SMFC PMS
To operate multiple SMFCs independently, the electrodes of the SMFCs must be electrically isolated from one another [19] . Anode isolation turns out to be more challenging than cathode isolation. In a conventional PMS for SMFC energy harvesting, the anode of an SMFC serves as a ground reference for the system's circuitry and a load is connected across the output of the PMS and the ground. When multiple SMFCs are operated to power a common load, their anodes will be connected together. To operate the SMFCs independently, a mechanism is required to isolate the SMFCs from the common load. There are two popular methods for isolation between a source and a load: using diodes and using transformers. Diodes typically have a voltage drop of more than 0.1 V. Adding diodes to the cathode and anode of an SMFC will give a total voltage drop of more than 0.2 V, which presents significant voltage and power loss for the SMFC. Active diodes with lower voltage drop have been used for solar cells, but they require large operating voltage, e.g., 0.6 V [20] . Transformers are known to provide isolation in ac systems. However, for energy harvesting with a low-voltage dc power source, the isolation does not happen because the primary side and the secondary side of the transformer share the same ground [21] - [23] . Therefore, a different approach to isolation is required to implement a PMS that can operate with mio-SMFC. It is noticed that SMFCs generate very low power and that energy is usually accumulated over time and intermittently delivered to the load [1] - [4] . Thus, the load does not need to be connected to the SMFCs continuously. By connecting the load to the SMFCs only when energy is transferred to the load, the SMFCs can effectively be isolated. This isolation technique is implemented and verified in the proposed mio-SMFC PMS.
B. Implementation of the mio-SMFC PMS
A circuit implementation of the mio-SMFC PMS is illustrated in Fig. 1 . The system consists of identical channels that harvest energy from individual SMFCs and power a common load, including an output capacitor (C OUT ) and a resistor (R LOAD ). Although two channels are displayed, more channels can easily be added to increase the total output power. In each channel, a 10-F input capacitor (C IN ) is connected to the SMFC to accumulate energy. Such a large capacitor is needed to provide sufficient energy to start up the system. The input capacitor is charged and discharged between a lower threshold voltage and an upper threshold voltage. The lower and upper threshold voltages are selected to be 0.43 and 0.48 V (±5%), respectively, which are within the output voltage range of the SMFCs. At the upper threshold voltage, the hysteretic comparator activates the constant on-time (COT) boost converter to transfer energy from the input capacitor to the load. At the lower threshold voltage, the hysteretic comparator deactivates the COT boost converter and the input capacitor is recharged. The COT boost converter consists of an oscillator, two MOSFET switches (M1, M2), a diode (D1) and an inductor (L1). An internal supply regulator, which consists of a charge pump, a boost converter, 
and an inductor (L2), is used to produce V SUP to power the comparator and the COT boost converter. Table I lists the main components used in the proposed PMS. When V IN is below 0.4 V, the system is in the start-up state. The charge pump in the internal supply regulator accumulates charge from the input capacitor to jump start the boost converter. Once the boost converter is started, it generates V SUP of 2.7 V to power itself and the entire channel. Then, the charge pump is disabled to conserve energy.
C. Operation of the mio-SMFC PMS
In the intermediate state, V SUP is stabilized at 2.7 V, but the COT boost converter is still idle. The existence of this state is to provide a voltage gap between the start-up state and the steady state. The operation of the COT boost converter can create undershoots in the input voltage V IN . If V IN falls below 0.4 V, V SUP cannot be regulated at 2.7 V, and the system returns to the start-up state. Thus, the voltage gap is needed to prevent the system from oscillating between the start-up state and the steady state.
In the steady state, when V IN reaches 0.48 V, the hysteretic comparator produces a high signal to activate the COT boost converter. The oscillator produces a 32-kHz signal to drive switch M1. In the first phase of a switching period, M1 is turned on, and the inductor is charged with increasing current coming from the cathode of the SMFC. In the second phase of a switching period, M1 is turned off, and the inductor current must flow through diode D1 to the common load. The theoretical behaviors of the input voltage V IN , the output voltage V OUT , the node voltage V X , and the inductor current I L are illustrated in Fig. 2 for three consecutive switching periods. When I L flows through D1, V X jumps above V OUT by a diode forward voltage V F . If V OUT is higher than (V TH − V F ), where V TH is the threshold voltage of M2, the voltage jump at V X turns on M2 and connects the negative terminal of the load to the anode. The inductor current I L then flows through a low-resistance path back to the anode. When I L drops to zero, V X falls below V TH . Switch M2 is turned off, and the negative terminal of the load is isolated from the anode by a high-resistance path. By turning on M2 only when the inductor current flows to the load, isolation among the anodes of multiple SMFCs can be achieved. When switch M2 of each channel is off, high-resistance paths are established to prevent charge sharing among the anodes. When switch M2 is on, the inductor current is being forced to flow from the load to the anode. Thus, there is no charge sharing among the anodes even when multiple channels happen to turn on switches M2's simultaneously. Cathode isolation is achieved by the use of diode D1, which only allows current flow from the cathode to the load. Thus, there is no charge sharing among the cathodes.
There are several important points to emphasize. First, when V OUT is below (V TH − V F ), the voltage jump at V X is not sufficient to turn on M2. The inductor current must flow through a high-resistance path to return to the anode, creating high conduction loss. When V OUT gets larger, switch M2 can be turned on more effectively. The conduction loss is reduced, but the switching loss due to parasitic capacitance at node V X becomes larger. Thus, V OUT should be set at a level that balances conduction loss and switching loss to maximize efficiency. Second, a diode can be used in place of switch M2 to provide anode isolation, but M2 can be designed such that the sum of its switching loss and conduction loss is lower than the power loss of a diode. On the other hand, a MOSFET switch can be used in place of diode D1, but it will require a complicated synchronous controller. Lastly, the use of two boost converters, i.e., the COT boost converter and the second one in the internal supply regulator, is required for efficient and self-sustainable operation. If only one boost converter were used, three operating states could not be implemented. The system would fluctuate between the start-up state and the steady state, which causes significant power dissipation.
D. Efficiency Analysis of the mio-SMFC PMS in the Steady State
During the start-up and intermediate states, energy is transferred to the load mainly by leakage current. Thus, the efficiency will be analyzed for the system in steady state only. There are two main sources of power loss in the system: the internal supply regulator and the COT boost converter. The internal supply regulator consumes power to operate the hysteretic comparator, the oscillator, and itself. This power loss will be called P LOSS ISR , which occurs throughout the charging phase (V IN rising from 0.43 to 0.48 V) and discharging phase (V IN falling from 0.48 to 0.43 V). The COT boost converter dissipates power mainly from inductor L1, diode D1, and switches M1 and M2. This power loss will be called P LOSS COT , which only occurs in the discharging phase when the COT boost converter is active. The power loss from the equivalent series resistance (ESR) of C IN and C OUT due to the operation of the COT boost converter will also be included in P LOSS COT . The output power P OUT includes the power dissipated by R LOAD and the power gained by C OUT over a charging/discharging cycle of the channel. The efficiency of a single-channel mio-SMFC PMS can be expressed as Efficiency =
where T D and T C are the time duration of the discharging phase and charging phase, respectively, and the ratio T D /(T C + T D ) is called the channel duty cycle. The channel duty cycle depends on the power characteristic of the connected SMFC. When the SMFC generates more power, the input capacitor C IN charges faster, T C is reduced, and the channel duty cycle increases. When N-number of channels are used with N-number of SMFCs, the efficiency of the N-channel PMS will be the same as that of a single-channel PMS, but the output power will be N times higher. Here, it is assumed that all the channels and their SMFCs have identical performance. By using the equivalent models of L1, D1, M1, M2, C IN , and C OUT , the COT boost converter can be simulated. Fig. 3 illustrates the estimated P LOSS COT and the loss contribution of each component in the COT boost converter at various output voltages. At 0.4-V V OUT , switch M2 dissipates a large amount of power because its onresistance is high. As V OUT increases, the on-resistance of M2 is decreased, and M2 dissipates much less power than diode D1 does although both carry the same current. This highlights the benefit of using a MOSFET switch versus a diode. When V OUT is above 0.6 V, diode D1 and the ESR of C IN contribute the most to P LOSS COT . It is noticed that diode D1 dissipates less power at higher output voltage since its root-mean-squared current decreases with V OUT .
Because the internal supply regulator cannot be simulated to evaluate P LOSS ISR , the efficiency is estimated by using (1) with various possible values of P LOSS ISR , as shown in Fig. 4 . The load includes a 1-kΩ resistor (R LOAD ) and a 10-F capacitor (C OUT ), and the channel duty cycle is assumed to be 0.2, which is a typical value when the PMS operates with an SMFC. Fig. 5 illustrates the effect of the channel duty cycle on the efficiency and output power. When the channel duty cycle increases, energy is discharged to the load more frequently, resulting in higher output power. As shown in Figs. 4 and 5, to achieve high efficiency and high output power, it is necessary to decrease P LOSS ISR and increase the channel duty cycle. While P LOSS ISR can be improved by designing a more energy-efficient internal supply regulator, the channel duty cycle can only be increased by using an SMFC that generates higher power. 
III. EXPERIMENTS AND RESULTS
The mio-SMFC PMS has been built and tested in the laboratory. A single channel is first tested with a dc power supply to verify the start-up operation and the function of switch M2. The dc power supply is current-limited to simulate an SMFC source. For test purposes, the load includes a 1-kΩ resistor (R LOAD ) and a 10-F capacitor (C OUT ). The large output capacitor serves as a reservoir to store energy at a high voltage level. Fig. 6 shows the channel's output voltage measured from the start-up state to the steady state and the channel's average efficiency which is calculated in every 223-s interval. During the time interval (A), V OUT rises steadily due to current flow from higher V IN to lower V OUT . The efficiency is low because of large conduction loss from D1 and M2 being off. In the time interval (B), V OUT can be increased beyond V IN by the operation of the COT boost converter. Since V OUT is not sufficiently high to turn on M2, the channel still suffers from large conduction loss. Addition- ally, because the internal supply regulator becomes active and consumes power, the efficiency in interval (B) is even lower than that in interval (A). By the end of interval (B), V OUT has become high enough to start turning on M2. Thus, in the time interval (C), V OUT rises much faster, and the efficiency is much higher than before. At 1.6-V V OUT , P OUT is measured to be 6 mW, P LOSS ISR is 7.7 mW, and the channel duty cycle is 0.18. If P LOSS COT is 14.5 mW at 1.6-V V OUT as expected from Fig. 3 , the efficiency estimated by using (1) is 36.8%. However, the efficiency estimated from the measurements is 32.8%. The discrepancy is due to some parasitic losses that are not accounted or modeled accurately. It is observed that the selfpower mechanism of the internal supply regulator dissipates a significant amount of power, contributing more than half of the total power loss. Because the efficiency is poor at low V OUT , it is important not to overload the output. When using the mio-SMFC PMS for real applications, a load scheduler should be implemented to control the load and prevent V OUT from falling below a low voltage level, such as 1 V. Fig. 7 shows the measured voltage V X in the discharging phase when V OUT has been stabilized at 2 V. In the first phase of a switching period, M1 is on; V X is shorted to ground, which turns off M2 and disconnects the load from the channel. In the second phase, V X jumps above V OUT by a diode forward voltage of 0.3 V for 5 μs. During this time, I L flows through D1 to the load and returns to the anode through M2. Because V OUT is 2 V, M2 is turned on effectively. When I L becomes zero, V X drops below 0.5 V, which is lower than the threshold voltage of M2. Therefore, the load is only connected to the channel when I L is positive, and the isolation among SMFCs is achieved. The measured V X matches the theoretical prediction in Fig. 2 . Ringing in V X waveform is expected due to inductor L1 and parasitic capacitance at node V X .
A four-channel mio-SMFC PMS is then tested with four independent SMFCs to power a common load, which includes a 1-kΩ resistor (R LOAD ) and a 10-F capacitor (C OUT ). Each SMFC has a size of 0.09 m 2 . Characterization of the SMFCs shows they all produce maximum power when operating at cell voltages of 0.4-0.55 V [19] . Fig. 8 shows the input voltage of each channel in the steady state. The input charging time of the four channels varies between 1.4 and 1.8 min, depending on the amount of power generated by each SMFC. The discharging time varies between 0.1 and 0.4 min. This means that the channel duty cycle is less than 0.22 and that the SMFCs are disconnected from the load more than 77% of the time. It is worth noting that there are instants when more than one channels discharge energy to the common load, and thus they may turn on switches M2 simultaneously. As explained previously, the isola- [4] No Not required; self-sustainable [6] No Required for operation [7] No Required for start-up/restart [8] - [10] No Required for operation [11] No Required for start-up/restart [12] - [17] No Not required; self-sustainable tion among the SMFCs is still maintained, and the output power is expected to increase. For comparison, a single-channel PMS is operated with a 0.36-m 2 SMFC. The measured output power of the four-channel mio-SMFC PMS is four times that of the single-channel PMS although both systems have the same total size of SMFC [19] . Also, when the electrodes of the four SMFCs are connected together, i.e., shorted anode-to-anode and shorted cathode-to-cathode, the output power quickly decreases to 65% [19] . These results demonstrate that the mio-SMFC PMS can efficiently improve the power generation of SMFCs, which leads to a significant reduction of system size and cost to produce a targeted output power. Moreover, since the SMFCs are independently operated, the failure of an individual SMFC cannot fail the whole system.
In Table III , the mio-SMFC PMS is compared with other SMFC energy harvesting PMSs in previous works. The mio-SMFC PMS stands out as the only self-sustainable system that can operate multiple SMFCs independently to increase the output power. The efficiencies of previous PMSs are estimated by various methods [1] - [4] , [8] , [10] , [12] , [15] - [17] . For example, in [2] , the efficiency of a two-stage PMS is estimated to be 56% by characterizing each stage separately and multiplying the results together; in [3] , the specifications from the datasheets of individual components are reported, from which the total efficiency can be estimated at 22%; in [8] , the efficiency is claimed to be 45%, but the controller is powered externally and the power loss due to the controller is not considered. For the mio-SMFC PMS, the efficiency is calculated as the ratio of the measured output power to the measured input power from the source, and thus, all losses in the system are included. When all losses are considered, the proposed PMS is comparable to existing PMSs in terms of efficiency. Nevertheless, there are rooms to improve the performance of the mio-SMFC PMS. Since the internal supply regulator and diode D1 contribute the most power loss, a more energy-efficient self-start/self-power mechanism and a low-power synchronous controller can be designed to improve the efficiency.
IV. CONCLUSION
The design of a PMS with multiple independently operated SMFCs (mio-SMFC) has been explained in details. With the mio-SMFC PMS, each SMFC can be independently operated to maximize its output power density. As a result, for a specified output power, the total size of SMFCs can be smaller, which significantly reduces the cost to deploy large-scale SMFC energy harvesting systems. Moreover, the mio-SMFC PMS is robust against random failure of SMFCs, and it can start up and operate entirely from harvested energy. Therefore, it can be used in remote monitoring applications without requiring maintenance.
